We present an integrated micro-and nanofabrication method to create micro/nano dual-scale silicon structures with a controllable sidewall profile over an entire 4 inch wafer. The fabrication is based on an improved Bosch deep reactive ion etching (DRIE) process and its black silicon effect, in which SF 6 and C 4 F 8 gases are used as the reactants of etching and passivation, respectively. The resultant nanostructures have apexes of <50 nm diameter, heights of 2-3 μm and an average pitch (i.e. period) of ∼400 nm. By regulating etching/passivation parameters, the black silicon effect typical in Bosch DRIE was not only controlled but also utilized to realize a sophisticated surface treatment with respect to the characteristics of liquids and optics. As a result, the optical reflectance of the nanostructured surface has been reduced to about 1% at wavelengths from 300 to 1200 nm and the contact angle of a water droplet atop the surface measured ∼160
Introduction
Fabrication of nanostructures, such as nanopillars, nanocones and nanopores, is of central interest for many applications as of late. Randomly distributed high-aspect-ratio (HAR) nanotips have been used as a highly efficient antireflection surface on a micro Sun sensor for Mars rovers [1] . Various nanoscale porous silicon structures of gradient index have been reported as having a broadband suppression of reflection [2] [3] [4] . In [5] , a superhydrophobic surface full of tall and sharp nanoposts was fabricated to realize a large slip in aqueous liquid flow. Usually, nanoscale patterning techniques are involved in the fabrication of nanostructures. Electron 4 Author to whom any correspondence should be addressed.
beam (e-beam) lithography [6] and focused ion beam (FIB) lithography [7] can produce nanostructures with sub-100 nm features, but typically cover a relatively small processing area. Nanoimprint lithography (NIL) [8] replicates patterns in a parallel fashion, having a high throughput, but still needs a master mold manufactured by means of e-beam or x-ray lithography. Interference (or holographic) lithography [9] and nanosphere lithography (NSL) [10] have been demonstrated as two efficient ways to produce nanoscale patterns over a large area with high throughput and low cost. However, all these nanofabrication methods are typically performed on a flat surface, not a pre-patterned substrate, which limits their combined use in general microfabricated structures. Recently, dual-scale structures have attracted considerable attention. While several theories of artificial hierarchical structures [11, 12] have been studied with respect to mechanical and superhydrophobic stabilities, the fabrication of such hierarchical structures as demanding as those desired by design, especially those with specific profiles, is still quite challenging. A few experiments [13] [14] [15] were carried out aiming at revealing the role of hierarchical structures for superhydrophobic surfaces.
To overcome the drawbacks of nanopatterning techniques and restrictions on the combinability in microfabrication, we present an approach for the fabrication of micro/nano dualscale structures by coupling the DRIE black silicon effect and profile-controllable DRIE process. Although successful fabrication and application of highly dense arrays of nanotips by the DRIE black silicon method have been demonstrated [5, 16, 17] , very few reported the effective processing area, uniformity and reproducibility, which are often more important for applications. In comparison, we have developed an effective black silicon fabrication process, achieving highdensity uniform coverage of nanotips over entire 4 inch wafers. We also demonstrate that such nanostructured surfaces not only have low optical reflectance over a broad wavelength range, but also sustain hydrophobicity due to the small amounts of residual polymer introduced by the Bosch DRIE passivation step. For the fabrication of microstructures, we utilize the local bowing effect in DRIE to control the sidewall profile to achieve such features as re-entrant microposts. Eventually, by combining the micro-and nanofabrication steps, several 3D dual-scale silicon structures are fabricated.
Experimental details

Bosch deep reactive ion etching
Our strategy for fabricating micro/nano dual-scale hierarchical structures consists of three major works: study of reproducible wafer-scale nanostructures' formation utilizing the black silicon effect, sidewall-controllable microstructures' fabrication by improved DRIE, and integration of these two techniques to form dual-scale structures (figure 1).
In this study, 4 inch polished (1 0 0) silicon wafers were used. Both nano-and microstructure fabrications were carried out in fluorinated (SF 6 and C 4 F 8 ) plasma in the cyclic etching/passivation mode, using a PlasmaTherm SLR770 ICP etcher (Unaxis Corporation). An inductively coupled plasma (ICP) generates a dense plasma near the top of the electrode. A second RIE generator, which is capacitively coupled to the wafer chuck, is used to independently bias the substrate to improve the directionality of the etching. Basically, the microstructures are formed first, serving as the substrate where nanostructures are made subsequently. The etching mask (i.e. photoresist or SiO 2 ) for microstructure fabrication will then be removed selectively from areas where nanostructure formation is desired. Finally, after black silicon processing, those non-vertically exposed silicon surfaces are nanostructured, resulting in dual-scale structures. Notably, the microstructures should not be changed while making nanostructures, which demands highly precise control of the initiation and formation of black silicon.
Measurements of contact angle and optical reflectance
To further verify the characteristics of the fabricated black silicon surface, contact angle and optical reflectance are measured using an OCA 20 video-based contact angle meter (DataPhysics Instruments GmbH) and a LAMBDA 950 UV/Vis/NIR spectrophotometer (PerkinElmer Inc.), respectively.
Fabrications and results
Nanoscale fabrication
Usually, DRIE black silicon is regarded as a nuisance in deep silicon etching and more likely to form at the bottom of trenches or other exposed silicon surfaces. The formation of black silicon during the DRIE process is affected by many factors, such as mask material, temperature, chamber cleanliness and other process parameters (i.e. gas flows, platen power and ratio of etching and passivation durations). Herein, we focus on the process parameters and aim at developing a controllable and reproducible black silicon fabrication method.
It is well known that a thin fluoropolymer film is isotropically deposited on the silicon surface (i.e. both at the trench bottom and on the sidewall) during the passivation step in the C 4 F 8 plasma after the short isotropic etching in the SF 6 plasma. During the etching step, the silicon at the bottom of the trench cannot be etched until the fluoropolymer passivation layer is etched away. Normally, the fluoropolymer layer can be completely removed in a rather short time, and then all the silicon underneath can be etched without impediment, resulting in a smooth etched surface. If the fluoropolymer layer is not removed completely, those residual particles will act as many random nanomasks, resulting in a non-uniform etching front. Once this self-masking appears, the etching front will get rougher as the etching proceeds, and hence black silicon will be formed. Based on the etching model in [18] , the etching of fluoropolymer is dominated by physical sputtering coming from the incident ion bombardment, which is mostly dependent on the platen power. Thus, we believe that the platen power plays an important role in the initiation and formation of black silicon. To verify this point, we studied related parameters, including gas flows of SF 6 and C 4 F 8 , platen power and total etching cycles, as listed in table 1. For all the recipes, the ratio of etching and passivation durations is set to be 4 s/5 s, the coil power is set to be 825 W, the pressure is set to be 23 mTorr, and the substrate temperature is kept at ∼20
• C by cooling with helium. We first tested a normal DRIE (recipe 1), in which gas flows of SF 6 and C 4 F 8 were 100 sccm and 70 sccm, respectively, and platen power was set to be 10 W. Then, we reduced the gas flows of SF 6 and C 4 F 8 to 30 sccm and 50 sccm, respectively, and increased the processing time to 80 cycles (recipe 2) while keeping other parameters constant, which resulted in a hybrid etching regime between the normal DRIE and black silicon formation ( figure 2(a) ). We then further reduced the platen power to 5 W (recipe 3) and 6 W (recipe 4), successively, which resulted in an etching stop regime ( figure 2(b) ), indicating a proper platen power to initiate black silicon should be between 6 W and 10 W. Thus, we changed the platen power to 8 W (recipe 5) and found an initiation condition of black silicon regime ( figure 2(c) ). We found that once black silicon is initiated, the height of nanostructures will increase as the etching proceeds. In this study, ∼30 min processing produces nanostructures with apexes of <50 nm diameter, heights of 2-3 μm and an average pitch (i.e. period) of ∼400 nm, as shown in figure 3 . The uniformity over entire 4 inch wafers and reproducibility of fabrication results are good, as shown in figure 4 .
Furthermore, to verify how the black silicon etching affects the microstructures, we tried to fabricate black silicon on a non-planar surface ( figure 5(a) ). Unlike most other reports [19] , in which a lot of silicon has always been etched before black silicon forms, no apparent overetching and damage of the substrate was observed in our fabrication, as the main Y-shape outline remained intact as shown in figure 5(b) , which is important for the combined use of the black silicon process on microstructured substrates. 
Microscale fabrication
The microstructures' formation is based on the control of the local bowing of the sidewall profile by inserting one-or twostep appropriately long etching cycles into the normal cyclic etching/passivation process. The evolution of the sidewall profile is studied by analyzing the mechanisms of incident ion bombardment and neutral particle transportation. For all microstructures' fabrication, a positive photoresist layer ∼1 μm thick is patterned using optical lithography on top of the wafer, serving as the mask for the microstructures' etching. After lithography, microstructures are defined using an improved DRIE process with several constant parameters, including SF 6 of 100 sccm, C 4 F 8 of 70 sccm, platen power of 10 W, coil power of 825 W and pressure of 23 mTorr. Figure 6 shows the illustration of the etching strategy. The etching procedure consists of four consecutive segments (i.e. A, B, C and D), in which A and C are standard cyclic etching/passivation processes, while B and D are long, pure isotropic etching used to modify the sidewall profile. Figure 6 (a) gives the ideal case, in which the passivation layer on the sidewall is considered to be unattacked during long etching. It is true only if no incident ions attack the sidewall, or the passivation layer is strong enough to take the ion bombardment. However, because of the charging effect on the sidewall and the sloping mask edge, some ions will deviate from the trajectory inside the etching trench, resulting in the degradation of the passivation layer and bowing effect. Figure 7 shows a 20 μm wide trench etched by 8 cycles of alternate etching (8 s) and passivation (6 s), followed by one 29 s long etching, resulting in an obvious bowing effect. By controlling this effect, a parameterized out-of-plane structure can be obtained as shown in figure 6(b) . The geometrical parameters (w1, w2, w3, h1, h2, h3) can be defined as a function of etching times (t1, t2, t3 and t4) and mask size (m): w2, w3, h1, h2, h3) = F (t1, t2, t3, t4, m) , where w3 = f 3(t4, m) .
Because it is difficult to predict the exact morphology evolution empirically due to the complexity of the plasma etching phenomenon, which basically involves gas transportation, ion bombardment and surface reaction, an in-house deep etching simulator with neutral particle transportation and lag model [18, 20] is used to help visualize a desired structure. Figure 8 gives a sequence of time plots which show the evolving profile in simulation and the SEM image. Good agreement can be seen.
Dual-scale hierarchical structures
Dual-scale structures have attracted considerable attention in the design of artificial superhydrophobic materials [11, 12] . However, experimental studies are few due to the difficulties in fabricating such structures in a controllable way. Therefore, it would be worthwhile to develop fabrication methods that enable us to precisely and independently control the nano-and microstructures, in order to better understand the superhydrophobic phenomenon and to generate optimized biomimetic surfaces. Usually, the formation of hierarchical structures involves nanolithography, such as e-beam lithography [15] , which is limited either by its high cost or by relatively small processing area. Moreover, most current fabrications are restricted to either vertical or simply inclined walls [21] . To overcome the drawbacks, we combined the micro-and nanofabrication steps discussed above and successfully fabricated several dual-scale silicon structures. Figures 9 and 10 show the micropost and micrograte structures with different widths, pitches and aspect ratios, respectively, covered by uniform dense arrays of nanotips fabricated by the black silicon process.
Characteristics of optics and liquids
Optical reflectance of black silicon
As shown in figure 4 , the wafer surface shows a completely black appearance, indicating an obviously strong antireflection property. A further test indicates that the reflectance has been reduced to about 1% over a broad wavelength ranging from 300 to 1200 nm with no antireflection coating. According to the moth eye effect [22] , the anti-reflection property results from both the nanoscale structures and change in the refractive index of the medium. By investigating the morphology of nanotips shown in figures 3(b) and (c), two regions appear in the refractive-index profile. Region I is near the apex of the nanotips, serving as the air-silicon nanotips interface, and region II consists of the conical holes 2-3 μm in depth, serving as a gradient film with a decreasing duty ratio from air to bulk silicon substrate. Figure 11 shows the reflectance measurement results of a regular silicon wafer and a black silicon wafer at an incidence angle of 6 • .
Hydrophobicity of black silicon
Due to the simultaneous deposition of the polymeric layer during the DRIE process and the fact that high-aspectratio (HAR) nanopillars dramatically reduce the contact area between the water droplet and the solid surface, a hydrophobic property is exhibited. The measured contact angle on the black silicon surface shown in figure 3 is ∼160
• ( figure 12 ). This hydrophobicity of a fluoropolymer-coated nanograss surface was also earlier reported in [23] . Figure 13 shows the measured contact angles on four surfaces with different hierarchical structures shown in figures 9 and 10. All the contact angles are larger than 150
Hydrophobicity of dual-scale hierarchical structures
• and quite consistent. Although the contact angles on dual-scale hierarchical structures have no apparent enhancement in comparison with that on a pure nanostructured surface (i.e. black silicon), the introduction of a nanostructure does reduce the strict requirements of microstructure design (e.g., diameter, width, pitch and height of microstructures) for superhydrophobic surfaces. In other words, the presence of nanoscale roughness allows a much broader range of surface design criteria and establishes stable and robust superhydrophobicity (i.e. a stable Cassie state). This enhancement by using hierarchical structures has also been reported in [15, 21, 24] , which offers us insight into understanding the role of micro-and nanostructures on superhydrophobic surfaces and guiding the design of artificial superhydrophobic materials.
Conclusions
Micro/nano dual-scale hierarchical structures are fabricated by black silicon and sidewall-controllable DRIE processes. Wafer-scale fabrication of highly dense arrays of nanotips has been achieved by using the black silicon process. Contact angle and optical reflectance measurements indicate that the fabricated structures have stable hydrophobicity and strong anti-reflection properties. At this stage, a few more tests, including liquid slip, non-wetting stability and optical transmission and absorption measurements will be carried out on micro-, nano-and micro/nano-structures for better understanding of the role of each scale in dual-scale hierarchical structures.
